Development of the epicardium
=============================

The epicardium develops from the proepicardial organ located at the venous pole of the heart in continuity with the second heart field \[[@b1]\]. The epicardium is a mesothelial layer that forms a continuum with the coelomic lining and as such expresses many genes that are epithelial in origin like cytokeratin \[[@b2]\] and α~4~ integrin \[[@b3]\]. The evolutionary link to the developing excretory tract is exemplified by the expression of proteins like Wilms' tumour 1 (WT1) \[[@b4]\] and podoplanin \[[@b5], [@b6]\]. The guidance of the epicardium over the looping myocardial tube, which consists of both primary and second heart field derived myocardium \[[@b7]\] is still not completely understood, but epicardial--myocardial interaction including retinoic acid \[[@b4], [@b8]\] as well as members of the platelet-derived growth factor signalling are of relevance \[[@b9]\].

Epithelial--mesenchymal transition into EPDCs
=============================================

After initial spreading of the epicardium over the myocardium, several waves of epithelial--mesenchymal transition (EMT) have been described with subsequent migration into the sub-endocardial and intramyocardial location \[[@b10], [@b11]\]. The EPDCs that are essential for the isolation of atrial and ventricular myocardium, with the formation of the annulus fibrosis \[[@b12], [@b13]\] and the population of the atrioventricular cushions \[[@b10], [@b11]\], migrate into the heart relatively late. The EPDCs have been traced by using the chicken quail chimera model \[[@b10]\] as well as several transgenic mouse models. The most well known are GATA5 \[[@b14]\] and WT1 \[[@b4]\].

Derivatives of EPDCs
====================

From these studies the EPDCs could be followed into their definitive position and eventual differentiation state. Unequivocally, differentiations of the cardiac fibroblast, coronary smooth muscle cell and adventitial fibroblast have been proven. Different opinions exist on the origin of the coronary endothelial cell and the cardiomyocyte. As both epicardial and myocardial cells derive from a common second heart field progenitor cell ([Fig. 1a](#fig01){ref-type="fig"}), the recent studies using the conditional Cre-lox model of WT1 \[[@b15]\] and Tbx18 \[[@b16]\] do not provide an absolute proof of the origin of cardiomyocytes from the epicardial lineage. Of interest in this respect is the described regenerative potential of the zebra fish heart \[[@b17]\] that shows the capacity of the epicardial lineage to stimulate the cardiac myocyte population to renewed growth without actual cellular contribution. The endothelial lineage derives from the sinus venosus and liver microvascular lining but not from the epicardium \[[@b18]\]. Whether there is a further link between the epicardium and other intracardiac (stem) cell populations, such as the recently described telocyte \[[@b19]\], needs further research.

![(a) Schematic representation of the first and second heart field contribution to the developing heart. The venous pole (posterior heart field) is essential as source of EPDCs and CMPCs, a differentiation in a myocardial and epicardial lineage from the progenitor population is guided by the balance of bone morphogenetic protein (BMP) and fibroblastic growth factor 2 (Fgf2) \[[@b27]\]. (b) Expression of WT1 in the surface epicardium (b1) and intramyocardially (b2) in a control adult mouse heart is very limited (arrows). Two days after MI, with injection of medium, this is not substantially altered (c1,2) except for the cases with injection of EPDCs (c3,4), where both the surface epicardium and the interstitial fibroblasts show marked WT1 expression. At day 4 after MI this phenomenon is also present in the medium injected heart (d1,2) and maintained in the heart after EPDC transplantation (d3,4). Injection of the lentiviral Katushka construct into the epicardial cavity showed, after 4 days survival, staining of the squamous surface epicardium in the control heart (e, arrows). After MI the surface epicardium becomes cuboid (f, arrows) indicative of activation and cells can be traced intramyocardially (g, arrows) after EMT, which is supported by double staining of Katushka and WT1 (h). Scale bars b1--d4:30 μm, e--h:50 μm.](jcmm0014-1056-f1){#fig01}

Potential role of EPDCs in cardiomyopathy and valve disease
===========================================================

The epicardium and EPDCs with their specific supporter role in myocardial differentiation and their homing to the fibrous annulus \[[@b12], [@b13]\] and valves \[[@b10]\] could also indicate a role in development of pathology. It has been shown that inhibition of epicardial outgrowth can lead to deficient annulus fibrosus formation with electrophysiological evidence of the Wolff-Parkinson-White (WPW) syndrome \[[@b12]\]. Also a periostin disturbance in the EPDC deficient models could be linked to non-delamination of the endocardial cushions resulting in an Ebstein-like valve phenotype \[[@b1]\]. The study of cardiomyopathies and the observation of early coronary vascular disease preceding myocardial pathology have lead to a unifying concept on the role of EPDCs not only in non-compaction cardiomyopathies \[[@b1]\] but also in a far broader spectrum of cardiac diseases \[[@b20]\].

Potential of EPDCs as adult stem cells
======================================

The convincingly proven essential functions of the epicardium and the EPDCs during normal embryonic development fuelled the hypothesis that EPDCs might recapitulate some of these functions in case of cardiac disease \[[@b21]\]. The potential of adult human EPDCs was investigated *in vitro,* comparing them with mesenchymal stem cells (MSCs), and *in vivo*. *In vitro* culture showed that they indeed acquired stem cell characteristics. EPDCs and MSCs showed many similarities, but the unique cardiac commitment of EPDCs was established by the expression of cTnT and GATA4, lacking all mature cardiomyocyte differentiation genes \[[@b22]\]. Up till now these experiments require replication by other groups. We also showed that human EPDCs after injection into the ischemic myocardium of an immune incompetent mouse significantly improved cardiac function, already within 2 days \[[@b23]\]. The beneficial effect persisted after definitive scar formation, at 6-week follow-up. The additional results were an enhanced angiogenesis of mouse origin, less loss of infarcted wall thickness and an up-regulation of proliferating cell nuclear antigen (PCNA) in the host tissue infarct and borderzone area. The role of the exogenous EPDCs, which acquired a myofibroblast phenotype, was mainly instructive rather than constructive \[[@b23]\]. The results of the beneficial effect of EPDC injection was further enhanced when a mix of adult derived EPDCs and cardiomyocyte progenitors (CMPCs) was injected. The CMPCs were also instructive and did not differentiate into cardiomyocytes as was shown for the human derived CPMCs *in vitro*\[[@b24]\]. The combination worked synergistically, with these different cells having specific and separate functions. Altogether the conclusion was drawn that the observed effects were most probably based on paracrine or cell--cell interactions from the exogenous transplant with the surrounding host tissue \[[@b25]\].

Reactivation of endogenous epicardium after ischemia
====================================================

These findings triggered a new research field on EPDC--myocardial interaction. In the recent literature there are several reports on the activation of epicardium and the interstitial fibroblasts after myocardial infarction (MI) without additional stem cell transplantation. The group of Riley, for example, reported on the activation and coronary vascular improvement through thymosine B4 \[[@b26]\]. The factors triggering these events are not easily understood because of the concomitant effect of the influx of inflammatory cells after MI. We observed that 4 days after MI the endogenous epicardium and the interstitial fibroblasts started to re-express WT1 ([Fig. 1](#fig01){ref-type="fig"}, compare control b1,2 with 4 days after MI d1,2), an indication of activation and dedifferentiation. This was enhanced by 2 days if additionally exogenous EPDCs were injected ([Fig. 1](#fig01){ref-type="fig"}, compare medium injected c1,2 with EPDC injected c3,4 both 2 days after MI). To substantiate whether there was also renewed endogenous epicardial EMT and migration after ischemia, we injected a lentiviral Katushka construct (a far-red fluorescent marker) into the epicardial cavity of mice with or without MI. This showed indeed that re-activation of this embryonic program took place and that surface epicardial cells had migrated into the borderzone myocardium ([Fig. 1e--g](#fig01){ref-type="fig"}) with overlapping Katushka and WT1 staining ([Fig. 1h](#fig01){ref-type="fig"}). The therapeutic potential of the endogenous epicardium is therefore a new field of investigation, supported by our data and the literature.

In conclusion, the hypothesis that epicardium and EPDCs based on their broad embryonic potential might be a valuable source of research into MI treatment strategies as well as new fields to discover cardiac disease related mechanisms, seems to hold great promise.
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